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1. Introduction
Ecotoxicology aims to understand and predict the effects 
of xenobiotics on ecological systems, i.e., on populations, 
communities and ecosystems. However, in practice the ma-
jority of tests used for regulatory and legislative purposes 
focus on individual-level responses that are relatively easy, 
inexpensive and rapid to measure. These advantages en-
able toxicity tests to be conducted for many chemicals on 
different species of organisms by many laboratories rou-
tinely (Laskowski, 2001). However, accurately extrapolat-
ing such test results to ecologically relevant consequences 
remains an important challenge.
It is well known that chemical exposure-response rela-
tionships of individual life-history traits may differ mark-
edly from each other and from the exposure-response re-
lationship for population growth rate. For example, the 
response of individual reproduction to chemical exposure 
may either be more (e.g. Scott-Fordsmand et al., 1997; Van 
Gestel and Hensbergen, 1997; Hood et al., 2000) or less sen-
sitive than individual growth rates (e.g. Van Straalen et al., 
1989). In general, juveniles are more sensitive than adults to 
toxicant exposure (Stark and Banken, 1999). However, ef-
fects on juvenile survival do not always lead to reductions 
in population growth rate since survivors may compen-
sate for the lost individuals by increasing their own repro-
duction (Walthall and Stark, 1997; Bechmann, 1999). Kam-
menga et al. (1996) showed that the most toxicant-sensitive 
trait (the reproductive period) did not result in any signif-
icant effect on population growth rate of the nematode, 
Plectus acuminatus, whereas effects on a relatively toxicant-
insensitive trait (time to first reproduction) had a large in-
fluence on population growth rate. Jensen et al. (2001) ob-
served large reductions in the most sensitive individual 
life-history trait (reproductive output) after cadmium ex-
posure, which resulted in smaller, though significant, re-
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Abstract
The toxicity of nonylphenol (NP) to springtails was pronounced at 40 mg/kg dry weight soil, at which no ani-
mals survived. Body length and fecundity were the individual life-history traits significantly stimulated by sub-
lethal concentrations of NP during a 64-day experiment. However, the effects of NP on these traits did not re-
sult in a statistically significant increase in population growth rate (λ). Decomposition analysis indicated that 
fecundity was the main contributor to the (non-significant) changes observed in λ. However, since the elastic-
ity of fecundity was very low, large changes in fecundity resulted in a minimal effect on λ. Juvenile survival had 
the highest elasticity of all traits, but was not affected by NP, and therefore did not contribute to effects on λ. 
This study confirms previous studies showing that effects of chemicals on individual life-history traits are atten-
uated at the population level and that λ is an appropriate endpoint for ecotoxicological studies.
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ductions in population growth rate of the snail Potamopyr-
gus antipodarum. Effects at the individual level may even 
be in opposite directions to those occurring at the popu-
lation level. For example, despite increased growth of ju-
venile blowflies, Lucilia sericata, in response to exposure to 
sublethal concentrations of cadmium, population growth 
rate declined (Moe et al., 2001). These studies highlight the 
complex relationship between toxicant effects on individ-
ual performance versus population dynamics.
The present study was designed to explore the relation-
ships between individual-and population-level responses 
of a terrestrial invertebrate to a toxicant. We measured the 
effects of nonylphenol (NP) on individual life-history traits 
of the springtail (Folsomia candida) and, using a two-stage 
life-cycle model (Calow and Sibly, 1990), we analyzed the 
effects of NP on population growth rate (λ). To determine 
the relative contribution of the life-history traits to the ob-
served effects of NP on λ and to examine the (relative) de-
mographic sensitivity of λ to changes in each of the life-
history traits, we performed decomposition and elasticity 
analysis, respectively.
NP is a chemical contained in many industrial, house-
hold and agricultural products as NP ethoxylates. In the 
environment, NP will be produced again by aerobic deg-
radation of its ethoxylates (Nimrod and Benson, 1996). Nu-
merous studies have examined the effects of NP on many 
species of mostly aquatic animals and have indicated that 
NP is not only highly toxic (Granmo et al., 1989), but also 
may have endocrine disrupting properties at sublethal ex-
posure concentrations (Yadetie et al., 1999). In addition, 
NP is also bioaccumulated (Johnson et al., 1998) and re-
sists degradation under anaerobic conditions (Maguire, 
1999). Studies on effects of NP on soil animals are scarce 
despite the fact that NP may enter the terrestrial environ-
ment mainly through sludge produced in wastewater 
treatment plants that is subsequently used as fertilizer or 
(though to a lesser degree) through pesticides utilizing NP 
as an adjuvant.
Folsomia candida is a common, soil-dwelling, wingless, 
unpigmented and parthenogenetic insect that is widely 
distributed around the globe, abundant and plays an im-
portant role in soil ecosystems. Because of its abundance 
and distribution, as well as its ease of culture and short re-
productive cycle, the springtail is one of the most exten-
sively used animals in terrestrial ecotoxicology.
2. Materials and methods
2.1. Test animals
A laboratory culture of Folsomia candida established at the National 
Environmental Research Institute (NERI), Denmark was used for 
this experiment. In NERI, field-collected animals were maintained 
as stock cultures in Petri dishes filled with a substrate of moistened 
plaster of Paris and charcoal. They were kept at a constant temper-
ature of 20°C and under a 12 h/12 h light/dark regime. New sub-
strates with dried yeast as fresh food were prepared every 2-4 weeks 
and added ad libitum to the cultures. Prior to the experiment juve-
niles were obtained by hatching eggs collected from stock cultures. 
Only 0-1-day-old juveniles were employed for this experiment.
2.2. Soil preparation and application procedures
Light-textured, sandy loam agricultural soil from Askov Experi-
mental Station, Denmark was utilized for the experiment. The soil 
was dried and defaunated at 80°C and sieved through 1 mm mesh. 
For the first 2 weeks, we used soil sieved to 250 mm to ease mea-
surement of the very small juveniles. According to Sverdrup et al. 
(2002) this same soil (though sieved to 2-mm) consisted of 38.4% 
coarse sand (200-2000 μm), 23.6% fine sand (63-200 μm), 10% coarse 
silt (20-63 μm), 12.3% fine silt (2-20 μm), and 13% clay (<2 μm), 2.8% 
humus and 1.6% organic carbon, had a pHH2O of 6.2, a density of 1.135 g/cm3 dry soil and a total cation exchange capacity of 8.14 
meq/100 g soil.
NP (Aldrich, Cat. no. 29.005.8, 100% pure) concentration series 
were prepared by diluting a stock solution in acetone (J. T. Barker, 
Hayward, CA, USA). The stock solution was prepared correspond-
ing to the highest test concentration, 40 mg/kg dry weight (dw). To 
contaminate the soil, 225 ml solution was added and mixed thor-
oughly into 1.5 kg of the soil. Pure acetone was used for the control 
soil. The solvent was evaporated for 24 h under a fume hood. The 
dried contaminated soils were then put in plastic bags and stored 
in a deep freezer (-20°C) until use. Just prior the start of the exper-
iment, the soil was moistened by 15% distilled water (by weight).
All effects of NP in the present study are based on nominal con-
centrations added to soils. Analytical measurements of these same 
soils were performed for a separate study with Dendrobaena octae-
dra and showed that the concentration of NP in the soil was rela-
tively unchanged after being kept 1½years in a deep freezer (-20°C) 
(Widarto et al., 2004). Weekly changing of the soils ensured that the 
springtails were exposed to a relatively constant concentration of 
NP throughout the experiment.
2.3. Experimental set-up
Nunclon multi-well dishes (NUNC A/S, Roskilde, Denmark), with 
24 circular wells (diameter = 1.5 mm) were used to keep individ-
ual springtails. Before new multi-well dishes were used, they were 
treated with destaticizer to reduce static electricity. Each well was 
filled with 2.5 g soil containing 15% deionized water. The soil was 
compressed with a pestle to obtain a firm and even surface, which 
aided measurement by preventing the animals from hiding in crev-
ices. Care was taken to avoid an excessive pressure that makes the 
surface wet. After adding 2-3 granules of dried baker’s yeast (Sac-
charomyces cerevisae) as food in each well, a double layer of alumi-
num foil was used to cover all wells to prevent the springtails from 
escaping. To reduce water evaporation, the multi-well dishes were 
covered with thick cardboard glued to the original cover. All multi-
well dishes were put in a closed plastic box layered with wet tissue 
paper at the bottom. The soils were renewed once a week during 
which no water was added to the substrates to minimize distur-
bance. When the animals started to produce eggs, only the adults 
were transferred into new soils. The eggs were left in the old soils 
until they hatched.
Five sublethal concentrations plus a control were used: 0, 8, 16, 
24, 32, and 40 mg/kg dw soil after a range-finding test found that 
only 42% of the juveniles survived 45 mg/kg dw soil. One neo-
nate juvenile (0-1-day-old) was added to each well of the multi-well 
dishes. Twelve replicates per treatment were used.
Digital image processing equipment (DIP) was used to record 
individual body lengths without disturbing the animals during the 
observation. DIP consisted of a video camera mounted on the ocu-
lar lens of a stereomicroscope that was connected to a monitor and 
a computer. Pictures of living specimens were recorded on the hard 
disk or on videotape and measured manually.
We measured body length from the posterior end of the abdomen 
to the anterior end of the head between the antennae (in the mov-
ing position). Body lengths were measured using the image analysis 
software Sigma Scan Pro (v.5, SPSS, Chicago, IL). Survival, molting, 
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egg production and egg development were monitored. The animals 
were checked every day until the end of the experiment to determine 
molting since this species eats its own exuviae. Newly hatched neo-
nates were quantified by counting the number of empty eggshells.
Twelve replicates were employed for survival and body length, 
however, as the animals got older and some of them died, the num-
ber of replicates decreased. For reproductive endpoints, six replicate 
individuals were chosen randomly from the original 12 individuals.
2.4. Population growth (λ), elasticity and decomposition analysis
To calculate λ for each treatment we fit the life-history data to a two-
stage model (Calow and Sibly, 1990):
1 = nSjλ-tj + Saλ–ta,
where n is the number of hatched eggs per brood, Sj represents ju-
venile survival (the probability that a juvenile survives from birth 
to first reproduction), Sa represents adult survival (i.e. the average 
probability that an adult survives between census days), tj is the av-
erage time to first reproduction, and ta time between broods.
Elasticity analysis was carried out to determine the relative sen-
sitivity of population growth rate (λ) to changes in each of the life-
history traits contributing to it. To measure the elasticity we em-
ployed the equation: ea = (a/λ)(dλ/da), where a is a life-history trait 
and dλ/da is the sensitivity of λ to changes in the particular life-his-
tory trait, a (Caswell, 2001). The elasticity was calculated based on 
Equations (3)–(7) in Forbes et al.(2001) and T = nSjtj + Sataλtj–ta. De-
composition analysis was carried out to determine how much each 
life-history trait contributed to the observed treatment effects on λ. 
The contributions of treatment effects on each life-history trait to 
the overall effect on λ were calculated following Caswell (1989) and 
Levin et al. (1996). For the elasticity and decomposition analyzes, ju-
venile survival (Sj) is expressed on a per unit time basis in order to 
make this trait independent of the length of the juvenile period (tj). 
For these analyses we used pj where Sj = pjtj.
2.5. Statistical analysis
Since, there were no survivors in the highest concentration (40 mg 
NP/kg), all statistical analyses were carried out without includ-
ing this concentration. Repeated measures analysis of variance 
(ANOVA) was used to test for treatment effects on body weight and 
egg production. One-way ANOVA was used to test for treatment 
effects on time to first reproduction, development time and egg vi-
ability. Tukey’s pairwise comparisons were performed when the 
ANOVA detected significant treatment effects. Effects were consid-
ered significant when p ≤ 0.05, and considered marginally signifi-
cant when 0.05 < p ≤ 0.01. All statistical analyses were performed 
with SYSTAT Version 10.
The effects of NP on population growth rate were analyzed by 
calculating 95% confidence intervals around λ for each concentra-
tion using an analytical method (Sibly et al., 2000). The calculation 
of the confidence intervals was performed by calculating the total 
variance of λ, which is the sum of the variance contributions from 
each of the five life-history traits contributing to λ. The square root 
of the total variance is the standard error of λ. Observed differences 
between the population growth rates were deemed significant if 
there was no overlap between the confidence intervals.
3. Results
3.1. Survival
Except in the highest concentration (40 mg/kg), all juve-
niles of Folsomia candida survived until first reproduction. 
In the highest concentration, springtails survived for only 
2-6 days. During the adult period, NP showed no clear con-
centration-response effect on survival. Excluding the high-
est concentration, survival was marginally impaired by NP 
(p = 0.071), but Tukey’s pairwise comparisons showed no 
differences between any two concentrations (p > 0.05).
3.2. Growth
Body length of F. candida increased with time following 
a sigmoid growth curve. During the 64-day experiment, 
body length increased significantly from an average of 0.40 
to 2.10 mm (effect of time p < 0.01) with maximum length 
attained at 30-34 days of age (Figure 1). NP also affected 
body length (p < 0.01) and the interaction between time 
and NP was significant (p = 0.002).
NP stimulated growth at the lower concentrations (i.e., 
up to 24 mg/kg) and at 32 mg NP/kg, body size was less 
than the control only for days 20 and 30 (Figure 1). After 30 
days of age, when the body length of springtails reached 
between 2.04 mm (the lowest) in the control and 2.20 mm 
(the highest) in the 16 mg/kg concentration, effects of NP 
were not detectable.
3.3. Molting
F. candida released their first exuviae (cuticle) at the age 
of 3-4 days. NP reduced the time to first molt (p = 0.01). 
Tukey’s pairwise comparison test showed that time to first 
molt in 16 mg/kg (p = 0.027) was significantly shorter than 
in the control. Marginally significant differences were ob-
served between the control and 24 mg/kg (p = 0.079) and 
between 16 and 32 mg/kg (p = 0.063). In the highest con-
centration (40 mg/kg), only two of 12 individuals molted. 
After the first exuviae, F. candida cast off its cuticle ev-
ery 3-4 days, and NP did not affect this molting period (p 
= 0.12). Thus, during the 64-day experiment, 16 moltings 
were recorded on average.
Figure 1. The growth of Folsomia candida on Askov sandy loam 
soil, expressed as body length (mean ± SEM) during 64 days of 
exposure to nonylphenol.
372 Wi d a r to, Kr o g h, & Fo r b es i n Ec ot ox i c ol og y a nd Envi r o nm E nt a l Sa f E ty  67 (2007) 
3.4. Reproduction
Springtails reproduced for the first time at an age of 15-
16 days (Figure 2a), and we did not detect any effects of 
NP on this trait (p = 0.87). The springtails then produced 
eggs every 7-8 days, and no effect of NP was detected on 
the time between broods (p = 0.98). During the 64-day ex-
periment, F. candida produced an average of 6-7 broods per 
individual.
A total of six broods was analyzed from each of six fe-
males per treatment. Whereas the early broods contained 
an average of 20-25 eggs per individual, brood size in-
creased markedly with age (p < 0.001) reaching approx-
imately 150 eggs per brood in the sixth brood. The aver-
age number of eggs per individual, pooled over the six 
broods, (Figure 2b) showed that NP significantly affected 
egg production in the springtails (p = 0.006). Tukey’s pair-
wise comparison indicated that individuals treated with 
8 and 16 mg NP/kg produced a significantly larger num-
ber of eggs than those in the control (p = 0.031 and 0.007, 
respectively), whereas the two higher concentrations pro-
duced similar numbers of eggs as the control (p = 0.33 in 24 
mg NP/kg and p = 0.761 in 32 mg NP/kg).
Separate ANOVAs were carried out to examine the ef-
fect of NP on each brood, and the results showed that NP 
had significant or marginally significant effects on the av-
erage number of eggs produced per individual in the first 
four, but not the last two broods (p = 0.021, 0.07, 0.008, 0.01, 
0.38, 0.36, in order from the first to the sixth brood). Spring-
tails in the 16 mg NP/kg treatment generally produced 
more eggs than those in the other concentrations, includ-
ing the control. None of the broods produced by the high-
est treatment group (32 mg NP/kg) differed from the con-
trol group (p > 0.05 for all comparisons).
3.5. Egg viability and development time
We tested the first five broods produced for effects of NP 
on egg viability and detected a significant effect only in the 
second brood (p = 0.69, <0.01, 0.54, 0.08, 0.91, respectively). 
When we pooled the data from each brood, the effect 
was not significant (p = 0.68). Most eggs (average >95%) 
hatched in all treatments, and one batch of eggs in the 16 
mg/kg had a hatching success of 100%. The lowest hatch-
ing success was 80.5% recorded from a control brood.
Development time was calculated from hatched eggs 
(eggs that failed to hatch were excluded). Eggs hatched af-
ter an average of 9-10 days. ANOVAs performed on the in-
dividual broods showed that NP did not have any effects 
on egg development time (p > 0.05). When pooled data 
were analyzed and Tukey’s pairwise comparisons per-
formed, a significant difference was only detected between 
8 and 24 mg/kg (p = 0.023).
3.6. Population growth rate (λ), decomposition and elas-
ticity analysis
All λ’s in the control and the NP treatments were greater 
than one (Figure 3). We observed small increases in λ as the 
NP concentrations increased up to 16 mg/kg followed by 
decreases at higher concentrations. λ increased by 0.46% 
(at 8 mg NP/kg) and by 1.55% (at 16 mg NP/kg) (Table 
1). The increase in λ in 16 mg/kg resulted mainly from the 
positive response of fecundity that contributed 98% to the 
effect on λ. Based on the calculation of 95% confidence in-
tervals, however, λ was not significantly different between 
the concentrations.
Since 100% of the juveniles survived in all treatments, 
juvenile survival did not make any contribution to the 
(non-significant) effect on λ. Decomposition analysis of the 
two-stage model revealed that the effect of NP on λ was 
mostly attributable to the effect on fecundity (between 61% 
and 98%) whereas the effect on time to first reproduction 
Figure 2. (a) Mean number of eggs of Folsomia candida on 
Askov sandy loam soil produced per individual per brood 
during 64 days of exposure to nonylphenol. Error bars = SEM. 
(b) Mean number of eggs of Folsomia candida on Askov sandy 
loam soil per individual produced during 64 days of exposure 
to nonylphenol (open circles represent individual data; filled 
circles represent means ± SEM).
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contributed between 0% and 35% to the total change in l 
(Table 1). Time between broods contributed between 2% 
and 12%, and adult survival contributed very little to the 
change in λ since nearly all adults survived. 
Figure 4 shows the relative sensitivity (elasticity) of pop-
ulation growth rate to changes in each life-history trait of 
F. candida. For this life cycle, λ was the most sensitive to 
changes in juvenile survival probability (Sj) and insensi-
tive to changes in adult survival probability (Sa) (i.e., elas-
ticity of Sa was only one hundredth of that of Sj). The rela-
tive sensitivity of λ to changes in time to first reproduction 
(tj) was about one third that of juvenile survival (Sj). The 
relative sensitivity of λ to changes in fecundity n and time 
between broods (ta) was ten-and two-fold higher, respec-
tively, than to changes in adult survival probability (Sa). 
Exposure to different concentrations of NP did not change 
the elasticity patterns among traits.
4. Discussion
4.1. Linking individual-to population-level responses
This study showed that individual life-history traits of F. 
candida responded differently to exposure to NP and that 
significant stimulatory effects of a chemical at the individ-
ual level do not necessarily result in significant effects at 
 
  
 
 
 
 
the population level. At the highest exposure concentration 
(40 mg/kg dw soil), no juveniles survived the treatment, 
and therefore none of the other traits could be assessed. At 
sublethal concentrations (up to 32 mg/kg dw soil), traits 
such as growth, time to first molting and fecundity were 
stimulated by NP exposure, whereas no effects of NP were 
observed on time between molts, time to first reproduc-
tion, time between broods, number of broods, egg viability 
or egg development time. Integrating the individual-level 
effects via a two-stage life-cycle model indicated that the 
overall effect of NP on population growth rate, λ, was not 
statistically significant and suggests that effects at the indi-
vidual level are attenuated at the population level.
By using elasticity analysis we were able to explore the 
sensitivity of λ to changes in the life-cycle traits contribut-
ing to it (Caswell, 1989). With this analysis we estimated 
the proportional change in λ resulting from a proportional 
change in a given life-history trait, holding all other traits 
constant. Under the laboratory conditions used in the pres-
ent study juvenile survival had the highest elasticity fol-
lowed by time to first reproduction. Thus a given impact 
Figure 3. Population growth rate (λ) of Folsomia candida on 
Askov sandy loam soil exposed to nonylphenol. Error bars 
represent 95% confidence intervals.
Figure 4. Elasticity of time to first reproduction (tj), egg pro-
duction (n), juvenile survival (Sj), adult survival (Sa), and 
time between broods (ta) of Folsomia candida on Askov 
sandy loam soil at different nonyphenol concentrations. 
Note that to aid comparison these are values of elastic-
ity, since increases in tj and ta have a negative effect on λ 
whereas increases in n, Sj and Sa have a positive effect on λ.
Table 1. Percent changes of individual traits and population growth rate (λ) and proportional contribution of individual traits (%) to 
changes in population growth rate (λ) of Folsomia candida on Askov sandy loam soil, based on Caswel (1996) and Levin et al. (1996)
Concentration (mg NP/kg dw)        % changes of                                                                           Contribution (%)
                                                               λ                 tj                 N                 ta                 Sa                 tj                 N                 ta                 Sa
8  0.46  –2.53  22.34  –1.97  –7.5  35.00  61.41  1.33  2.26
16  1.55  0  27.59  0.56  2.27  0  98.57  0.53 0.90
24  1.24  1.04  15.99  0.18  –1.27  24.31  74.85  0.21 0.63
32  0.71  0.33  10.18  0.49  –0.04  13.28  85.66  1.02  0.04
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on juvenile survival probability and time to first reproduc-
tion would be expected to have much greater consequences 
for population dynamics than would a similar propor-
tional impact on adult survival, fecundity or time between 
broods. Whereas juvenile survival had a very high elas-
ticity; adult survival had the lowest elasticity of all traits. 
However, since neither of these traits was influenced by 
NP (below the highest treatment concentration) they did 
not contribute to changes in population growth rate. In 
contrast, fecundity was sensitive to NP exposure, but be-
cause of its low elasticity, the consequences of changes in 
fecundity for λ were minimal.
Similar effects of NP have been observed in the poly-
chaete, Capitella sp. I (Hansen et al., 1999) in which λ was 
not significantly affected although a stimulatory effect on 
brood size was observed. Several other studies have also 
indicated a lower sensitivity of λ compared to individ-
ual-level endpoints such as growth and reproduction (e.g. 
Stark et al., 1997). Widarto et al. (2004) found negative ef-
fects of NP on fecundity of the earthworm D. octaedra, but 
the resulting decline in λ was not significant. Bechmann 
(1999) did not detect an effect of NP on λ of the marine co-
pepod Tisbe battagliai even though only 6% of the juveniles 
reached maturity at 62 μg NP/l. Apparently, the survi-
vors were able to produce enough offspring to increase the 
size of the population compared to the parent generation. 
Walthall and Stark (1997) suggested that species with high 
reproductive rates may have an ability to compensate for 
the loss of individuals caused by toxicants such that effects 
on λ are minimized or nullified.
Both Kammenga et al. (1996) and Moe et al. (2001) 
demonstrated that reductions in population growth rate 
are not determined by the most sensitive life-cycle traits. 
Klok and de Roos (1996) suggested that the relationships 
between effects at the individual- and population-levels 
are not always straightforward and are sometimes coun-
terintuitive. These results highlight the difficulty of using 
single life-history traits as simple proxies for population-
level effects.
4.2. Interspecies differences in sensitivity
Negative effects of NP on various life-history traits at sub-
lethal levels have been recorded in many studies with a 
variety of taxa; however there do not seem to be any gen-
eral patterns among species as to which traits are the 
most/least sensitive. Some studies observed negative ef-
fects on growth and development but not on other traits 
(Widarto et al., 2004); other studies observed effects on 
reproduction only (e.g. Hood et al., 2000; Bettinetti et al., 
2002), whereas effects of NP on other measured life-his-
tory traits were not detected. Exposure to sublethal con-
centrations of NP did not influence Chironomus ripar-
ius emergence success (Bettinetti and Provini, 2002), 
Corophium volutator sex ratio (Brown et al., 1999), vari-
ous life-history traits of Tisbe battagliai (Bechmann, 1999), 
growth or reproduction in Chironomus tentans (emergence, 
sex ratio, fecundity, and egg viability) (Kahl et al., 1997), 
or fecundity or sex ratio in Daphnia magna (Baldwin et al., 
1997).
The toxicity of NP in the present study (juvenile LC50 
between 32 and 40 mg/kg) was equal to or slightly higher 
than that observed in other similar studies (such as Mad-
sen et al., 1998; Gejlsberg et al., 2001; Krogh et al., 1997). 
Several factors may have increased the toxicity observed 
in the present study compared to earlier work. Our study 
was initiated with early-stage juveniles (1-2 days old) 
whereas the other studies generally employed very late-
stage juveniles or subadults (10-12 days old that will ma-
ture within 5-3 days), which is a standard test procedure 
(Riepert and Kula, 1996). Young juveniles are very active 
metabolically and physiologically since they are in pro-
gressive development and differentiation as demonstrated 
by Holmstrup and Krogh (1996) with F. fimetaria. In addi-
tion, younger animals generally have smaller body sizes 
than older individuals, and thus a higher surface-to-vol-
ume ratio resulting in more rapid rates of chemical uptake. 
Effects of body size may contribute to differences in sen-
sitivity both within and among species (cf. Widarto et al., 
2004; Gejlsberg et al., 2001).
A second factor contributing to differences in organism 
sensitivity among studies is the soil organic content. As a 
hydrophobic chemical, NP tends to bind to organic mate-
rial in the soil so that its concentration in porewater may 
decrease, thereby reducing its bioavailability. The appli-
cation of NP to soil via sludge is likely to increase soil or-
ganic content and thereby reduce the availability and tox-
icity of NP. The addition of sludge to soil (sludge:soil 
ratio, 1:20) increased the LC50 by a factor of 1.5 (Gejls-
berg et al., 2001). In contrast, Scott-Fordsmand and Krogh 
(2003) found that adding NP-contaminated sewage sludge 
into soil did not significantly reduce the toxicity of NP to 
F. fimetaria.
4.3. Why might NP show non-monotonic concentration-
response relationships?
4.3.1. Endocrine disruption
In the present study, clear stimulatory responses to NP 
were seen for growth and fecundity at concentrations a fac-
tor of 2.5 below those leading to complete juvenile mortal-
ity. Stimulatory effects of NP on growth and reproduction 
at low concentrations may be associated with the estro-
genic characteristics that have been reported for this chem-
ical. Studies of vertebrates have suggested (e.g. Yadetie et 
al., 1999) that NP imitates natural (endogenous) estrogen 
(E2), binds to and activates the estrogen receptor (ER) lead-
ing to estrogenic effects. Stimulation of certain life-history 
traits is likely to occur after exposure to a xenoestrogen 
since E2 normally stimulates tissue growth by promoting 
cell proliferation and enlargement in addition to initiat-
ing protein synthesis (e.g. Colerangle and Roy, 1996). In in-
sects, juvenoids are juvenile hormones (JH) responsible for 
growth and the metamorphosis of juveniles into adults (Le 
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Blanc et al., 1999). Their action is mediated by specific re-
ceptors, and they may be susceptible to binding by xenoes-
trogens (WHO/IPCS, 2002).
Stimulatory effects of NP on animals have been ob-
served at subcellular, cellular and organ levels (e.g. Hem-
mer et al., 2001; Yokota et al., 2001). Stimulation of animal 
life-history traits (especially growth and fecundity) has 
been detected in at least three studies (Hansen et al., 1999; 
Hoss et al., 2002; Duft et al., 2003). In a field study, Krogh 
et al. (1996) detected an increased number of Collembola in 
the presence of sewage sludge contaminated with 150 mg 
NP/ kg dw soil, particularly in the lower layer (10-20 cm 
in depth).
A common response of animals encountering xenoestro-
gens is an increase in vitellogenin production. All egg-lay-
ing animals, including invertebrates and insects, produce 
vitellogenin needed to initiate the creation of yolk pro-
tein (Byrne et al., 1989). Hill et al. (2003) reported that NP 
caused vitellogenin induction, delayed sexual maturation, 
caused production of a small percentage of ova-testes, led 
to a female biased sex ratio, and impaired reproductive ca-
pacity of zebra fish (Danio rerio). Vitellogenin production 
and other developmental processes, molting, embryo de-
velopment, and ovulation are regulated by ecdysteroids. 
As for juvenoids, NP may have bound to and activated the 
ecdysteroid specific receptor eliciting enhanced effects on 
reproduction.
4.3.2. Hormesis
A second explanation for the stimulatory effects of NP is 
hormesis. Stebbing (1982) defined hormesis as a stimu-
latory response after low-dose exposure followed by in-
hibition at higher doses, considered to result from over-
compensation to changes in homeostasis caused by stress. 
He suggested that the phenomenon, especially hormetic 
growth, represents an adaptation of the growth control 
mechanism due to overcorrection by the organism in over-
coming the stress (Stebbing, 1998). Calabrese and Baldwin 
(2001) concluded that most of the hormetic dose-response 
relationships reported in the literature support the idea of 
overcompensation stimulation following an initial period 
of disruption instead of a direct stimulation. The period of 
disruption at the beginning of exposure is a critical factor 
in judging hormetic cases.
Calabrese and Baldwin (1998) suggested that not all 
stimulatory effects can be considered as hormesis, and they 
proposed some criteria that can be used to confirm the oc-
currence of hormesis, such as number of doses below the 
no observed effects level (NOEL), whether NOEL is de-
termined or not, number of doses that are statistically sig-
nificant, and the magnitude of the response. We observed 
that with five doses below NOEL, two doses were signifi-
cantly different from the control; stimulation was around 
11-33% and 10-27% greater than the control for growth 
and fecundity, respectively. In relation to the criteria pro-
posed by Calabrese and Baldwin (1998) we propose that 
the stimulatory effect observed in our study can be catego-
rized as a low to moderate hormesis. We note that stimu-
lation of growth in our study first became apparent after 
about 10 days of exposure, and that after 30 days of expo-
sure no differences in body size between groups were de-
tectable (Figure 1). Likewise, of six broods recorded, stimu-
lation of fecundity was detectable for the first four broods, 
but was not significantly different from control for the last 
two broods. These results may indicate that the exposed 
collembolans acclimated to NP exposure during the course 
of the experiment, after being slightly affected at the begin-
ning of the exposure period.
Whether stimulation of growth (or other life-history 
traits) indicates that a chemical acts as a disruptor of spe-
cific hormonal processes or whether it results from general 
overcompensation to low levels of stress can be difficult to 
determine in practice yet may have importance in inter-
preting the effects of chemicals on organisms. However, of 
most importance for ecological risk assessment is the extent 
to which such effects on life-history traits—whatever their 
underlying biochemical mechanism—result in effects at the 
population level.
5. Conclusions
In conclusion, the presence of NP in soil stimulated body 
growth rate and fecundity of the parthenogenetic spring-
tail, F. candida, but did not affect population growth rate, 
λ. Effects of NP on fecundity contributed 80% of the ob-
served effect on λ. However, due to the low elasticity 
of λ to changes in fecundity, changes in this life-history 
trait did not result in a significant effect on λ. The pres-
ent study demonstrates the kinds of insights that can be 
gained by integrating effects of toxicants at the individ-
ual level to effects on population growth rate, particularly 
when life-history traits exhibit variable and nonlinear con-
centration-response curves. We emphasize that this study 
was conducted under controlled laboratory conditions, 
and other factors, such as density-dependent interactions, 
predators, initial population structure, habitat features, 
etc., may have a critical influence on the dynamics of field 
populations and need to be considered when assessing the 
likely effects of toxic chemicals in nature.
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